Background/Aims: Radixin has recently been shown to correlate with the metastasis of gastric cancer, but the pathogenesis is elusive. Adhesion proteins contribute to the regulation of metastasis, and thus this study sought to investigate the role of radixin in the migration, invasion and adhesion of gastric cancer cells, as well as its interaction with adhesion proteins in vitro. Methods: Radixin stable knockdown human gastric carcinoma SGC-7901 cells were constructed. Alterations in the migration, invasion and adhesion ability were examined by matrigel-coated plate and transwell assays. The expression pattern of adhesion proteins, including E-cadherin, β-catenin and claudin-1, was determined by quantitative real-time PCR and western blot. Possible involvement of NF-κB/snail pathway was also evaluated. Results: Stable knockdown of radixin significantly suppressed migration and invasion, but enhanced adhesion in SGC-7901 cells. The expression of E-cadherin was manifestly increased in radixin knockdown cells, whereas the expression of β-catenin and claudin-1 was unchanged. The nuclear exclusion of NF-κB followed by conspicuous reduction of snail expression was involved in the regulation of E-cadherin expression. Conclusions: Radixin knockdown suppresses the metastasis of SGC-7901 cells in vitro by up-regulation of E-cadherin. The NF-κB/snail pathway contributes to the regulation of E-cadherin in response to depletion of radixin.
Introduction
Metastasis, which accounts for most cancer-related deaths, is a complicated and multistep process, including invasion to local tissues (intravasation), survival in the circulation and colonization at distant sites (extravasation) [1] [2] [3] . Currently, metastasis still remains the most obscurely understood constituent of cancer pathogenesis. Hence, it is important to identify key regulatory molecules involved in the malignant progression of cancers. Ezrin, radixin and moesin (ERM), classified as a widespread band 4.1 superfamily, are three highly homologous proteins that act as a linker between the F-actin filaments and the cell membrane [4, 5] . Given the fact that attachment of membrane proteins to F-actin is essential for signaling transduction in a variety of fundamental processes, including cell morphogenesis, growth, adhesion, motility and signal transduction [6, 7] , it is reasonable to hypothesize that ERM proteins may play a pivotal role in the metastasis of cancer cells.
The structure of ERM proteins share a conserved N-terminal membrane binding domain (approximately 300 amino acids, also called the FERM domain) and a C-terminal domain containing a major F-actin-binding site which enables ERM proteins to link the cytoskeleton to the plasma membrane [7] [8] [9] . Given the fact that ERM proteins share up to 73-75% sequence identity, a key question is whether they have redundant functions in the modulation of metastasis. Currently, the role of ezrin and moesin in cancer metastasis has been extensively studied: ezrin, as a prototype member of the ERM family, has been directly implicated in metastatic process and tumor progression in pediatric solid tumors including osteosarcoma and rhabdomyosarcoma [10] [11] [12] . Likewise, a growing body of evidence suggests that moesin correlates with metastatic behavior and poor clinical outcome in a variety of tumors including melanoma [13] , colorectal cancer [14] , endometrioid carcinoma [15] , adenocarcinomas of lung [16] , adenocarcinomas of breast [17] and oral squamous cell carcinoma [18] . However, compared with ezrin and moesin, the role of radixin in cancer metastatic progression is poorly understood.
Gastric cancer ranks as the third leading cause of cancer mortality worldwide and is a leading cause of cancer death in less developed countries [19] . Recent studies demonstrated that radixin correlates the metastasis of gastric cancer cells both in vivo and in vitro [20, 21] , however, the pathogenesis is largely unknown. Our previous study using stable radixin knockdown clones of human gastric SGC-7901 cells revealed that radixin knockdown suppressed the metastatic potential of SGC-7901 cells in vitro through up-regulation of E-cadherin [22] . Nevertheless, the underlying mechanism needs to be further addressed.
E-cadherin, as well as claudins, is one of the most vital and ubiquitous component of adherens junctions between epithelial cells. Recently, numerous studies revealed that down-regulation, mutation, or loss function of E-cadherin may contribute to the invasive and metastatic phenotypes in a variety of cancer cells [23] [24] [25] [26] . Therefore, it is worth investigating the upstream signal pathways that mediate the regulation of E-cadherin. Currently, it is generally accepted that the suppression of E-cadherin expression mainly occurs at transcriptional level, and several transcription factors that repress its transcription have been recognized, including zinc finger factors snail, slug, zeb1 and zeb2, basic helixloop-helix factors E47 and twist [27] [28] [29] . Furthermore, increasing evidence revealed that these transcription factors could be regulated via several signaling cascades, including ERK pathway, Akt pathway and NF-κB pathway [30] [31] [32] .
In the present study, we hypothesized that radixin/E-cadherin axis plays a vital role in regulating the metastatic potential of gastric cancer cells. By rescues studies using specific E-cadherin siRNA, we consolidated the role of E-cadherin in the metastasis of radixin knockdown cells. By studying the expression pattern and subcellular localization of snail and NF-κB, we found that NF-κB/snail pathway was involved in the regulation of E-cadherin. Our results may be helpful to understand the pathogenesis of gastric cancer.
Cell culture
Human gastric carcinoma SGC-7901 cells were purchased from Shanghai Institute of Biochemistry and Cell Biology at Chinese Academy of Sciences. The cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS; Life Technologies), 1% (v/v) nonessential amino acid solution (NEAA; Life Technologies), penicillin (100 U/mL) and streptomycin (100 μg/mL) (Life Technologies) at 37°C in an atmosphere of 5% CO 2 and 90% relative humidity.
Vector constructs and transfection
Oligonucleotides encoding radixin-specific shRNA (target of radixin shRNA was 5'-CAA CAC GAU GAG AAU AAU GCU GAA-3') for SGC-7901 cells, and a control shRNA (target of control shRNA was 5'-UUG CGC GCU UUG UAG GAU UCG UU-3' derived from Euglena gracilis, which has no homology with the human genome), were chemically synthesized and inserted into piGENE TM tRNApur vector (iGENE, Ibaraki, Japan). SiRNA targeting human E-cadherin and negative control siRNA were directly purchased from Santa Cruz Biotechnology (Dallas, TX, USA). The transfection was performed with Lipofectamine 2000 reagents (Life technologies) according to the manufacturer's instructions. To establish radixin stable knockdown/control cell lines, the puromycin-resistant cells were selected by screening.
RNA extraction and quantitative real-time PCR
Total RNA was extracted using Trizol (Life technologies), and cDNA was synthesized using PrimeScript RT reagent Kit (Takara, Dalian, China). Quantitative RT-PCR was performed in triplicate using SYBR Premix Ex Taq (Takara); β-actin was used as an internal control. The reactions were performed using the following protocol: 95°C for 5 min, followed by 40 amplification cycles of 95°C for 15 s and 60°C for 1 min. To ensure the specificity of PCR products, a dissociation curve protocol was linked to every PCR assay. The primers used for analyses are displayed in Table 1 . Data were analyzed using CFX Manager Software (Bio-rad, Hercules, CA, USA). of protein) were loaded. Immunodetection was performed with enhanced chemiluminescence detection system (GE Healthcare, USA).
Methyl thiazolyl tetrazolium (MTT) assay
The viabilities of different cell groups were assessed using MTT (Sigma, St. Louis, MO, USA) assay. The cells were plated at 2 × 10 3 /well in a 96-well plate. Each group comprised ten duplicate wells. After incubation for 24, 48, and 72 h with DMEM containing 10% FBS, 5 mg/mL MTT (100 μL/well) dissolved in PBS was added to each well for 4 h. After the supernatants were removed, 100 μL DMSO was added to each well. The absorbance of each well was measured using an automated microplate reader (Thermo) at 492 nm.
Cell migration and invasion assays
For migration assays, 5 × 10 4 cells in 200 μL serum-free media were seeded in the upper chamber of an insert (8-μm pore size; Corning, Elmira, NY, USA). For invasion assays, 2 × 10 5 cells in 200 μL serum-free media were seeded into the upper chamber of an insert covered with Matrigel (BD Bioscience, Woburn, MA, USA). 500 μL media containing 10% FBS were added to the lower chamber. After 24 h (for migration assays) or 48 h (for invasion assays) of incubation, the cells remaining on the top surface of the membrane were gently removed with a cotton bud, while the cells migrating or invading through the membrane were fixed with methanol and stained with 0.1% crystal violet. The entire membrane surface was imaged and the cells were counted using a Nikon (Tokyo, Japan) upright microscope. Values were normalized to a control group in each experiment.
Cell adhesion assay
For cell adhesion assay, wells of a 96-well plate were coated with 50 μL Matrigel at 37°C for 1 h, and uncoated wells were served as a negative control. 2 × 10 4 cells were suspended in 100 μL serum-free media and seeded into each well. After incubation for 1 h at 37°C, the wells coated with Matrigel were washed twice with PBS. MTT solution was then added to the attached cells and the absorbance of each well was measured with an automated microplate reader at 492 nm for quantification.
Immunofluorescence
Cells grown on 13-mm diameter glass coverslips were washed with PBS and then fixed with 4% paraformaldehyde for 20 min. Cells were subsequently permeabilized with 0.1% Triton X-100 and blocked with blocking buffer containing 5% bovine serum albumin (BSA). Cells were incubated with primary antibodies of E-cadherin and snail at 4°C overnight. After washing with PBS for three times, cells were incubated for 1 h with FITC-labelled secondary antibody (Santa Cruz). Propidium Iodide (PI; Sigma) was used to counterstain the nuclei. Slides mounted with coverslips were viewed with a fluorescence microscope (Nikon).
Statistical analysis
Data were presented as means ± standard deviation (S.D.) of at least three independent experiments each performed in triplicate. Student's t-test was used for comparisons, and a significant difference was considered to be present when P < 0.05.
Results

Effect of radixin knockdown on the expression of ezrin and moesin in SGC-7901 cells
Following the transfection of shRNA expression plasmids and puromycin screening, several clones were obtained as shown. Clone R3 exhibited the most significant reduction in radixin expression (approximately 60%) among all the clones, and therefore it was chosen for the subsequent studies (Fig. 1A) . The effect of radixin knockdown on the expression of ezrin and moesin was investigated by quantitative real-time PCR and western blot. As shown, no significant differences in the expression of ezrin and moesin were observed in clone R3, compared to control cells and wild type cells (Fig. 1B and C) . These results suggested that stable knockdown of radixin in SGC-7901 cells did not affect the expression of ezrin and moesin.
Effect of radixin knockdown on the migration, invasion, adhesion and cell viability of SGC-7901 cells
The effect of radixin knockdown on the cell motility was assessed using the transwell assay. As shown, the migration of R3 cells was greatly reduced by approximately 65% compared to that of the wild type and control cells (Fig. 2A) . The invasion assay was conducted using matrigel-coated transwell chambers. As shown in Fig. 2B , clone R3 elicited a significant reduction of invading cells by approximately 60% in comparison with those in the wild type and control cells. Conversely, adhesion ability of R3 cells was enhanced by around 40% (Fig. 2C) . MTT assay revealed no significant differences in the cell viability within the indicated time (Fig. 2D) . Taken together, these results indicated that stable knockdown of radixin suppressed cell migration and invasion, but enhanced cell adhesion of gastric cancer cells in vitro.
Expression pattern of adhesion proteins in clone R3
The mRNA levels of E-cadherin and claudin-1in clone R3 were up-regulated to 2.5 fold (p < 0.05) and 2.7 fold (p < 0.01), respectively, while no obvious alterations in β-catenin were observed (Fig. 3A) . Consistently, western blot analysis revealed that the protein levels of E-cadherin were up-regulated to double in clone R3, which substantially mirrored the results of quantitative real-time PCR. Interestingly, the protein expression of claudin-1 remained unchanged in clone R3, though its mRNA expression was up-regulated (Fig. 3B) . Immunofluorscence staining further demonstrated that clone R3 exhibited significantly higher immunofluorescence intensity for E-cadherin (green) than did the control cells. No obvious differences in E-cadherin expression between wild type cells and control cells were observed (Fig. 3C) . Notably, since only one clone (R3) was obtained, in order to avoid the "off-target" effect of RNA interference, cells with transient knockdown of radixin (Rt) using commercially available radixin-siRNA were set as positive control. As can been seen, 48 hours post transfection, the expression of radixin in Rt cells was down regulated to the same extent as that in clone R3 cells. A significant increase in E-cadherin expression was observed in both R3 cells and Rt cells. No obvious alterations in β-catenin and claudin-1 were observed (Fig. 3D) . These results showing the similar expression pattern of adhesion proteins in clone R3 and Rt indicated that alterations in the expression pattern of adhesion proteins in clone R3 was specifically resulted from stable knockdown of radixin. Since only E-cadherin was affected by radixin knockdown, therefore the interaction between radixin and E-cadherin was further investigated.
Radixin regulated cell migration, invasion and adhesion through E-cadherin
To consolidate the role of E-cadherin in the functional alterations caused by radixin knockdown, rescue studies using specific E-cadherin siRNA were performed in clone R3. As shown in Fig. 4A , transfection with E-cadherin siRNA in clone R3 elicited no significant impact on the expression of radixin, compared to clone R3 transfected with control siRNA. However, up-regulation of E-cadherin in clone R3 was obviously reversed by transfection with E-cadherin siRNA. Adhesion assay revealed that the cell adhesion ability of clone R3 was approximately 40% enhanced in comparison to that of wild type cells, and this enhancement was obviously reversed by depletion of E-cadherin (Fig. 4B) . Consistently, migration assay and invasion assay revealed that suppression on migration and invasion in R3 cells was reversed by depletion of E-cadherin ( Fig. 4C and D) . Taken together, these results suggested that radixin regulated cell migration, invasion and adhesion through E-cadherin.
Stable knockdown of radixin increased the expression of E-cadherin via NF-κB /snail pathway
Earlier studies revealed that zinc finger factors snail and slug are involved in the transcription regulation of E-cadherin [27, 28] . Therefore, the expression levels of snail and slug in clone R3 were investigated. As shown, analysis by quantitative real-time PCR and western blot revealed that snail expression was down-regulated in R3 cells at both mRNA and protein levels by about 65% and 75%, respectively, compared to that of wild type and control cells. No distinct changes of slug expression were observed ( Fig. 5A and B) . Immunofluorescence staining indicated that the expression of snail (green) was significantly reduced in R3 cells, where no significant differences between wild type cells and control cells were observed. Notably, though the expression of snail was down-regulated in R3 cells, its predominant nuclear localization was unchanged (Fig. 5C ). As one of the upstream proteins of snail, NF-κB was examined because early studies indicated that activated NF-κB may accumulate in the nucleolus and serve as an enhancer of snail transcription [33] [34] [35] . Thus, we hypothesized that radixin knockdown may either reduce the total amount of NF-κB or induce its nuclear exclusion, in turn leading to the repression of snail and the consequent enhancement of E-cadherin transcription. As shown, though no significant alterations in total amount of NF-κB were observed in clone R3 cells, the amount of NF-κB in the nucleus was significantly decreased while that in the cytoplasma was significantly increased, suggesting that NF-κB translocated from the nucleus to the cytoplasm in response to depletion of radixin. By measuring band intensity, the results revealed that relative distribution of NF-κB in the nucleus shifted from 70% to 36% upon knockdown of radixin. 
Discussion
Recently, a number of studies have concentrated on the correlations of radixin with the metastasis of gastric cancer cells, however, the results are controversial. Tsai et al. showed that miR-196a and miR-196b promoted cell metastasis via negative regulation of radixin in human gastric cancer, suggesting a potential correlation between low radixin level and increased metastatic phenotype [21] . On the contrary, by using multiple human gastric carcinoma cell lines (SGC-7901 and HGC-27), Zheng et al. proved that radixin knockdown significantly suppressed the migration and invasion of gastric cancer cells in vitro, suggesting a potential correlation between low radixin level and decreased metastatic phenotype [20] . Apparently, although some evidence has indicated that experimentally-induced knockdown of radixin suppressed cancer cell metastasis in vitro, more studies are needed to clarify the role of radixin both in vivo and in vitro. Consistent with Zheng et al. study, our previous study The expression of NF-κB in the total amount of protein as well as in the nuclear and cytoplasmic fractions was assessed. As shown, though total NF-κB remained unchanged, cytoplasmic NF-κB was significantly increased while nuclear NF-κB was significantly decreased in R3 cells. Representative immunoblots of three independent experiments are shown. Relative distribution of NF-κB (Nuclear/Cytoplasmic) was analyzed by band intensity.
demonstrated that stable knockdown of radixin significantly reduced migration and invasion of human SGC-7901 cells in vitro, however, the mechanism needs to be further investigated.
Radixin, as well as ezrin and moesin, belongs to the ERM family which functions as a membrane-cytoskeletal crosslinker in actin-rich cell surface structures that contributes to the modulation of cytoskeleton organization, cell motility, adhesion, and proliferation. A key question regarding ERM proteins is whether ERM proteins are functionally redundant or not. Generally, it is accepted that ERM proteins share overlapping physiological functions due to the 75% sequence identity. The results obtained from the ERM specific knockout mice mostly support the functional redundancy, as defects were detectable in the organs where only one of the ERM proteins was expressed [36, 37] . However, other studies implied that the functions of these three proteins are different. For instance, ezrin deficiency led to the early death of neonate mice, while the mice bearing radixin or moesin deficiency developed normally [38] [39] [40] . Metastasis is the primary cause of death for most cancer patients. Currently, it is still unclear whether radixin functions redundantly or not in the regulation of metastasis when ezrin or moesin is co-expressed. In the present study, SGC-7901 cells that co-express ezrin, moesin and radixin were used as in vitro model and radixin stable knockdown clones were constructed. Despite the expression of ezrin and moesin was unchanged in radixin knockdown cells (Fig. 1) , the depletion of radixin elicited significant alterations in cell migration, invasion and adhesion (Fig. 2) . These results suggested that radixin may play a non-redundant role in the metastasis of gastric cancer cells in vitro.
Given that adhesion proteins play important roles in metastatic cascades, we further investigated the influence of radixin depletion on the expression pattern of adhesion proteins. Our results suggested that stable knockdown of radixin significantly enhanced the expression of E-cadherin, meanwhile the expression of β-catenin was unchanged (Fig.  3) . Interestingly, though the mRNA levels of claudin-1 were increased (2.7 fold), its protein levels were unchanged. This result suggested that a post-transcriptional mechanism may be involved in the regulation of claudin-1: despite the abundance of claudin-1 transcripts is increased, low translational activity or high degradation rate of claudin-1 protein may appear in radixin knockdown cells. Rescue studies using specific E-cadherin siRNA revealed that changes in migration, invasion and adhesion caused by radixin depletion could be abolished by the knockdown of E-cadherin, implicating that E-cadherin contributed to the radixin-mediated functional alterations in SGC-7901 cells (Fig. 4) . As snail and slug contribute to modulating the metastasis of gastric cancer cells [41, 42] , and strongly repress the transcription of E-cadherin, we speculated that they may mediate the regulation of E-cadherin expression in response to the radixin depletion. As shown, the expression of snail was significantly decreased in clone R3, whereas n the expression of slug was unchanged (Fig. 5) . Furthermore, we addressed the underlying mechanism by which the expression of snail was down-regulated in the radixin knockdown cells. There are at least three signaling pathways contributing to the regulation of snail and E-cadherin, including ERK pathway, Akt pathway and NF-κB pathway: The inhibition of ERK by U0126 attenuated the MCP-1-induced phosphorylation of GSK-3β and decreased the expression of snail, leading to the restoration of E-cadherin in MCF-7 cells [30] ; Activation of Akt led to a significant reduction in E-cadherin expression following nuclear accumulation of snail, suggesting a role for the Akt signaling pathway in the transient repression of E-cadherin in prostate cancer [31] ; Treatment with Celastrus orbiculatus induced nuclear exclusion of NF-κB, which in turn led to down-regulation of snail in SGC-7901 cells. As a result, the expression of E-cadherin was up-regulated and metastatic potential was suppressed [32] . In the preliminary study, all the three pathways were examined by western blot. The results indicated that no significant alterations were observed in total ERK, phosphorylation level of ERK, total Akt or phosphorylation level of Akt (data not shown), suggesting that ERK pathway and Akt pathway do not appear to be involved in this system. Instead, NF-κB might contribute to the regulation of snail, as nuclei accumulation of NF-κB was significantly decreased while cytoplasmic NF-κB was significantly increased in the radixin knockdown cells. Therefore, we hypothesized that the depletion of radixin caused alterations in the subcellular distribution of NF-κB. As a result, it translocated from nucleus to cytoplasm, which in turn led to the reduction of snail expression and thereby the suppression on the transcription of E-cadherin was abolished. In summary, we established stable radixin knockdown clones of SGC-7901 in this study and obtained three major findings: 1) radixin knockdown suppressed the metastasis of gastric cancer cells in vitro; 2) Up-regulation of E-cadherin contributed to the suppression of metastasis in radixin knockdown cells; 3) radixin knockdown enhanced the expression of E-cadherin via NF-κB/snail pathway. This study demonstrated a pivotal role of radixin in the migration, invasion and adhesion of gastric cancer cells in vitro. Our data provided direct evidences that in addition to ezrin and moesin, radixin is also a potential therapeutic target against tumor metastasis.
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